INTRODUCTION
The drastically increased interest in the electrical energy storage systems stems from urgent demand for improved power reliability and quality, a mass penetration of intermittent renewable energy sources and the transition of the electricity network to a smart grid. Among various electric energy storage systems, electrochemical energy storage exhibits distinctive features such as high round-trip efficiencies, flexibility in power and energy densities, a long deepcycle life, pollution-free operation and low maintenance costs, and is thereby set to become critically important in the near future, despite the fact that the existing energy storage is dominated by hydroelectric water pumping and underground compressed air storage that are limited to some specific natural geographic sites [1] [2] [3] [4] . For secondary batteries, the electrical energy is stored within the electrode structure via charge transfer reactions that nevertheless results in low specific energy densities and small system capacity. For example, typical practical specific energy of sodiumsulfur batteries is in the range of 150-240Wh kg -1 . Lithium ion batteries exhibited a typical practical energy density of 150-200 Wh kg -1 [5] [6] [7] [8] . In contrast, redox-flow batteries can provide much more scalable electrical energy storage by circulating two soluble and electrochemically active redox couples that are oxidized and reduced to store or release energy. Nonetheless, low solubility of redox couples (< 8 M) usually do not allow their specific energy densities to exceed 25 Wh kg -1 , which make the redox-flow battery system bulky, massive and costly [9] [10] .
Solid oxide fuel cells (SOFCs) offer very high efficiency in the conversion of chemical energy from a variety of fuels to electricity. Large scale power generation has been demonstrated by Siemens Westinghouse and Bloom energy et al. with excellent stability. Traditional SOFCs research has focused on fuel variability, using methane, diesel or coal, instead of hydrogen, for the early commercialization. Recently the concept of reversible solid oxide cells [11] [12] [13] , where energy can be transformed into hydrogen via electrolysis of steam or water for later conversion back into electricity in the fuel cell mode, have shown great promise for integration with renewable energy sources such as solar and wind. Such a technology is reasonable, because most SOFCs work the best with hydrogen as fuel. However, the concept of fuel cell limited our thoughts to the devices that require large volume of hydrogen storage and pumping lines for gas transfer, and the active materials are stored outside of the cell. Recently, Huang and Xu [14] [15] investigated that the iron utilization played a determining role in storage capacity and round-trip efficiency. In these papers electrical pump is required to achieve a closed-loop circulation of the reaction gas and thereby stabilize power and energy outputs. This makes the system more complexity and may be responsible of the parasitic losses and the decrease in the overall efficiency. The difference between our paper and the ref. [14] - [15] is the use of the need of water circulation in these references. In our paper, steam was produced by the decomposition of Ca(OH) 2 at high temperature, instead of using a circulation unit of H 2 O / H 2 . The merit of this design is the reduction of unnecessary volume for reaction chamber and no requirement of cycling pump, which means simplicity in system design and reduction of operating cost.
Here we report a novel solid fuel for the reversible SOFCs that consisted of a tubular solid oxide cell integrated with Ca(OH) 2 /CaO dispersed Fe/FeO x powders as the redox-active material inside of the fuel chamber. Thermo-gravimetric analysis indicated that Ca(OH) 2 started to decompose at temperatures above 500 o C, i.e.,
The resulting steam further reacts with ferric powders to produce hydrogen, which diffuses into the Ni-SSZ electrode and is then electrochemically oxidized to produce electricity. Based upon the predominance area diagram of Fe-Fe oxides ( Fig. 1) , the ferric oxidation product should be magnetite, Fe 3 O 4 , at T < 570 o C or iron monoxide, FeO, at T > 570 o C. Since the tubular solid oxide cell with the redox materials inside the fuel chamber was usually maintained at 800 o C, FeO was the dominant oxidation product in the present paper.
Note that steam is replenished via the electrochemical oxidation reaction (3) that would enable reaction (2) and (3) to proceed simultaneously and continuously during the discharge mode until all the ferric powders are consumed or a desired ferric utilization is achieved. Once the discharging mode is turned off, both reactions can be immediately stopped. By combining reaction (2) and (3), the overall anodic reaction in the discharging mode can be expressed as:
During the charging mode, electrolysis of steam occurs in the Ni-SSZ electrode, and the resultant hydrogen diffuses into the fuel chamber and reduces FeO to Fe.
Different from the discharging mode, steam is replenished via chemical reaction (6) , such that reaction (5) and (6) can proceed progressively and electricity is continuously stored. By combining reaction (5) and (6), the overall cathodic reaction in the discharging mode is
In the air electrode, oxygen reduction reaction (ORR) and oxygen evolution reaction (OER) occurs during the discharging and charging mode, respectively.
From reactions (4), (7) and (8), the overall reaction for the present ferric-air battery can be simply written as Notably, the solid oxide cell integrated with Ca(OH) 2 /CaO dispersed ferric powders in the fuel chamber behaviours like a ferricair battery. Therefore, by using Fe powder as original fuel, and Ca(OH) 2 / CaO as the auxiliary materials, the H 2 /H 2 O redox storing cycling can well combine with Fe/FeO redox storing cycling. Then the cell can be sealed as a stand-alone system without any auxiliary equipment for gas transfer. Such a system has a potential merit, the advantages of SOFC, such as high efficiency and excellent power density, can find their way in the application of EES in a compact and low cost mode.
EXPERIMENTAL

The preparation of the cell and redox material
The solid oxide cell used in the present study consisted of a tubular Ni-SSZ fuel electrode support, a thin SSZ electrolyte and a thin LSM-SSZ oxygen electrode (SSZ = 6 mol% Sc 2 O 3 stabilized ZrO 2 , LSM = La 0.8 Sr 0.2 MnO 3 ) were fabricated using slip casting, dipcoating, and co-sintering techniques as previously reported [16] . The tube was 20 cm long with an inner and outer diameter of 8 and 10 mm, respectively. The length of the air electrode coating was typically 0.3-2 cm that gave an effective working area of 0.94-6.28cm
2 . The redox material was prepared by ball milling powders of ferric and Ca(OH) 2 powders in a mole ratio of 0.35:1, then all the powders were installed into the fuel chamber of the solid oxide cell.
FeO + H 2 = Fe + H 2 O
FeO + 2e 
Assembling battery and test
A schematic design of the tubular cell testing setup is represented in Fig. 2 . The tubular SOFC anode firstly was reduced by H 2 at 750 , and cooled down to ambient temperature using H 2 as the protective atmosphere all the time. The Cu tube was wrapped by Ni foam tightly and then inserted into the fuel chamber, which was used to collect the current from the fuel electrode. In addition, the Cu tube was also designed for gas ventilation. A small hole was drilled at the closed-end side of the cell, where a gold wire was attached to the fuel electrode and served as the voltage lead. The hole was then sealed using a glass ink. Fe and Ca(OH) 2 powders were ball-milled and then loaded into the fuel chamber. 10% Hydrogen balanced by nitrogen was introduced into the fuel chamber to purge out air through the Cu tube. Finally, the cell was vacuumed to 0.001Mpa and sealed using stainless steel lid and silica gel. During the discharging process, Fe reacts with H 2 O generated from the decomposition of Ca(OH) 2 at high temperature, as a result, H 2 is produced in situ as SOFC fuel. After reaction with O 2-, H 2 O is produced and it continually reacts with the rest Fe, as shown in Eq. (1)-(3) . Once stopping discharging, the reactions can be ceased immediately. The charging process is realized by electrolysis of water in the SOEC mode along with the reduction of FeO by the generated H 2 , as shown in Eq. (6) .
For evaluating the electrochemical characteristics of the Fe-air battery, oxygen was maintained on the air electrode at a flow rate of 30 mL min -1 . The operation temperature was set at 800 o C. Current-voltage (I-V) curves and the electrochemical impedance spectra (EIS) were obtained by using an Electrochemical Workstation IM6ex (Zahner, GmbH, Germany). The EIS were recorded with a perturbation voltage of 20mV over the frequency range 0.1Hz to 100 kHz. (Fig. 1) . The abrupt change in the temperature range of 520 o C-580 o C is attributed to the production of H 2 O from Ca(OH) 2 . Fig. 4 (a) shows the typical voltage V versus current density J dependence for the present Fe-air battery in the discharging and charging modes at 800 o C. As previously observed for steam electrolysis in solid oxide electrolysis cells, the slope of the J-V curve does not change for the cell transitioning from one mode to the other [17] . The linear J-V dependence was further confirmed by almost the same electrochemical impedance spectra (Fig. 4 b and c) obtained at a discharging or charging current density of 70 mA cm -2 , demonstrating good reversibility of the battery electrodes for charge transfer reactions. The discharging current density at V = 0.7 V was 138 mA cm -2 and the charging current density at 1.3 V was about 286 mA cm -2 , which were very comparable to the performance of solid oxide cells achieved when respectively operating on 97% H 2 -3% H 2 O and 25% H 2 -75% H 2 O gases continuously replenished at 100 sccm (Fig. 4 b and c) . Such a discharging current density for the present cell is substantially larger than ~ 5 mA cm -2 for lithium ion batteries, 0.01~10 mA cm -2 for Li-air batteries, or 20-100mA cm -2 for the all vanadium redox flow batteries [1, 18] . The superior rating capability can be ascribed to independent roles of the solid oxide cells for electrochemical reactions, and of the Fe/FeO redox unit for energy production and storage.
RESULTS AND DISCUSSION
Note that mass diffusion limitation was not observed in Fig. 4 (a) that would result in abrupt voltage decrease or increase at high current densities in the discharging or charging mode, even though the battery stayed nominally stagnant without any external circulation to create dynamic flow in the fuel chamber. This suggests that reaction (2) proceeds at a rate that is comparable to or even higher than the rate of electrochemical hydrogen oxidation in this discharging mode, whereas the rate of reactions (6) is fast enough to keep pace with the rate at which steam is electrolyzed at the Ni-SSZ electrode during the charging mode. Furthermore, hydrogen and steam diffused between the Ni-SSZ electrode and the Fe/FeO redox unit at rates no less than for reaction (2-3) in the discharging mode or for reaction (5) (6) in the diffusion law and using gas diffusion coefficients (5.74 cm 2 s -1 for H 2 and 3.80 cm 2 s -1 for H 2 O at 800 o C), the equilibrium H 2 and H 2 O partial pressure in the redox unit as well as the diffusion gap between the redox unit and the Ni-SSZ electrode, a simple calculation indicated that the maximum current density obtainable can be as high as 10 A cm -2 in the discharging mode and 6 A cm -2 in the charging mode, which are high enough to avoid mass diffusion limitation in the present cell.
Good cycling behavior and high reversible specific energy capacity are critically important for the electrochemical energy storage systems. In order to evaluate the cycling stability of the present ferric-air battery, repeated discharging and charging were performed at a fixed current density of 70 mA cm -2 with durations of 30 minutes for discharging and charging in each cycle. Fig. 5 (a) shows the typical discharging and charging characteristic of the cell Figure 5 . Characters of the present Fe-air battery at 800°C: (a) discharging and charging characteristic and (b) charging efficiency at J = 70 mA cm -2 . Ten cycles of repeated discharging and charging were performed, and the duration for discharging and charging in each cycle was 30 minutes. shows the superior cycling stability and high reversible energy capacities for the present cell, which can be explained by the reversible and kinetically fast reaction of ferric and steam to produce hydrogen and ferric monoxide, the benefit of low density CaO in the Fe/FeO redox unit to prevent ferric agglomeration, and more importantly the well-maintained structural integrity and catalytic activity for electrochemical reactions in the Ni-SSZ electrode that has been free from the large volume expansion-contraction in the neighbouring Fe/FeO redox unit during the discharge-charge cycling process. The average energy densities during each discharging and charging cycle were respectively 144 and 172 Wh kg -1 Fe, yielding a voltage efficiency of 83%. Note that the voltage efficiency for the Fe-air battery can be further improved by reducing the discharging/charging current densities as suggested from the J ~ V curves shown in Fig. 4 (a) . Alternatively, reducing the internal resistance and improving the electrochemical performance of the solid oxide cell can decrease the slope of the J ~ V curves in Fig. 4 (a) and thereby also increases the voltage efficiency. The internal resistance for the present tubular cell was as high as 1.2 W cm 2 ( Fig. 6) , which is much larger than the typical 0.3 W cm 2 for the state-of-the-art planar cells and therefore has some great potential for improvement [19] .
The overall energy capacity for the present Fe-air battery is largely determined by the ferric loading in the fuel chamber as well as the ferric utilization. For example, a Fe-air battery loaded with 1.22 g Fe powders could provide a stable output of 0.8 V and 80 mA during a discharging duration of 7.5 h, yielding an energy capacity of 383 Wh kg -1 Fe at a 51.4% Fe utilization (Fig. 7) . Assuming that eighty percent of the fuel chamber (10. 
CONCLUSION
In summary, we have demonstrated the viability of a ferric-air battery that integrated a Ca(OH) 2 dispersed Fe/FeO redox unit and a tubular solid oxide cell. The unique feature here is in situ production of H 2 O from decomposition of Ca(OH) 2 , and of H 2 from the reversible reaction of ferric and steam. The resulting H 2 /H 2 O redox is involved in the Ni-SSZ electrode reaction, acting as the catalyst for oxidation of ferric to ferric monoxide. The superior cycling stability can be ascribed to separation of the electrochemical component from the Fe/FeO redox unit that would experience large volume change during the discharge-charge cycling, and the high rating capability was enabled by the rapid, reversible, and comparable kinetics for the chemical Fe/FeO redox reaction and the electrochemical H 2 /H 2 O redox reaction, as well as the neighbouring positioning that allows for quick transport of H 2 /H 2 O between the two integrated components and thereby prevents mass diffusion limitation. In contrast to the common solid oxide cells with the redox materials stored outside the cells that increase the system size and complicate the heat management, the present cell can work standalone and safe. 
